Abstract: For many climate change impacts such as drought and heat waves, global and national frameworks for climate services are providing ever more critical support to adaptation activities. Coastal zones are especially in need of climate services for adaptation, as they are increasingly threatened by sea level rise and its impacts, such as submergence, flooding, shoreline erosion, salinization and wetland change. In this paper, we examine how annual to multi-decadal sea level projections can be used within coastal climate services (CCS). To this end, we review the current state-of-the art of coastal climate services in the US, Australia and France, and identify lessons learned. More broadly, we also review current barriers in the development of CCS, and identify research and development efforts for overcoming barriers and facilitating their continued growth. The latter includes: (1) research in the field of sea level, coastal and adaptation science and (2) cross-cutting research in the area of user interactions, decision making, propagation of uncertainties and overall service architecture design. We suggest that standard approaches are required to translate relative sea level information into the forms required to inform the wide range of relevant decisions across coastal management, including coastal adaptation.
Introduction
The concept of climate services emerged some 15 years ago to support decision-making related to mitigation of and adaptation to climate change [1] . As a general principle, climate services transfer
•
What is the current state-of-the-art in the area of CCS using SLR projections (Section 2)? • What are the current technical barriers to satisfying the demand for CCS based on sea level projections (Section 3)?
What is needed to overcome barriers and to facilitate the use of sea level information in CCS (Section 4)?
In the conclusion, we provide recommendations for stakeholders involved in designing the next generation of climate services. 
Term Definition Used in This Article
Service Economic activity characterized by the trade of intangible assets.
Climate service Any type of service using climate information and supporting adaptation to and mitigation of climate change.
Coastal climate service (CCS) Climate services in coastal areas. Note that this article focuses on CCS using sea level information.
Coastal services Any type of service provided in coastal areas, not necessarily using climate information.
Current Coastal Climate Services Using Sea Level Information
This section examines the state of CCS based on sea level scenarios or projections today. To do so, we start with an analysis of existing CCS (Section 2.1). Then, based on these examples, we provide a generic picture characterizing current CCS, and the different stakeholders involved therein (Section 2.2).
Examples of Existing Coastal Climate Services

Example 1: USA Coastal Climate Services
The type of flooding events related to SLR range from frequent chronic flooding (also called tidal or nuisance flooding in the literature [10,39-42]) , to rare, event-driven flooding, which occurs in most cases during storms or cyclones. In many places, the frequency of chronic flooding is rapidly increasing in annual frequency ( Figure 1a ) and accelerating in some coastal towns (Figure 1b) [10, 39, 43] . Such floods often occur during relatively calm, sunny conditions. These floods adversely affect ground-level and subsurface infrastructure in many U.S. coastal communities (e.g., roadways, storm/waste/fresh-water systems, and private/commercial property) that were not designed for repetitive salt-water exposure or inundation. Until long-term adaptation strategies are put into place, SLR related impacts will be experienced as more-frequent chronic flooding will occur at high-tide (Figure 1c) .
In the U.S., the demand by decision makers for information about chronic coastal flooding is mounting: for example, the growing rise in chronic flooding in Norfolk is seen as posing long-term problems due to its cumulative toll and being monitored by credit-rating companies [44] . Afflicted communities are assessing locations and damages associated with chronic flooding and budgeting on an annual basis for anticipated costs required for mobilization of emergency responders to close streets and for temporary installation of pumps, sand bags and storm-water inflow preventers. In the US, such land use and coastal risk management decisions taken at local scale complement the state and federal government coastal planning strategies.
Access to seasonal/annual flood-frequency predictions allows for more effective preparedness and response. As a result, the National Oceanic and Atmospheric Administration (NOAA) has recently provided experimental annual flood predictions that consider past trends, and in some locations, interannual variability with the El Niño Southern Oscillation [45] . This allows for statistical-dynamical tidal-flood [46, 47] and sea level anomaly [48] predictions, enabling uses to improve readiness for current and future flooding. These products complement mid-and longer-term climate services such as NOAA's SLR Viewer web mapping tool [49] , that support community decision making around infrastructure plans and designs that consider performance and reliability for local relative SLR up to 100 years in the future.
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Example 2: Australian Coastal Climate Services
Similar to the US, coastal planning at national to regional scale in Australia is shared by the federal and the state/territory governments, while local coastal planning and management is primarily the role of local governments under the direction of state policy. Each of the state/territory governments has established different SLR planning guidelines. For example, the state of Victoria has stipulated since 2008 (and reassessed in 2014) that planning authorities must plan for a SLR increase of 'not less than' 0.8 m by 2100, whereas in South Australia new developments should take into consideration 0.3 m SLR by 2050 and a further 0.7 m SLR between 2050 and 2100 [58] . To support local council planning and management, CCS in the form of regional sea level projections and their uncertainties up to 2100, including sea level allowances to support coastal defense upgrades, have been developed [32] . These are delivered as a national climate service along with other projected atmospheric and oceanic variables such as temperature, precipitation, wind, ocean and pH [59] , but also as a more specific coastal climate service at the scale of individual Australian coastal councils on the 'CoastAdapt' web site [60] . In addition to SLR projections and allowances at the coastal council scale, CoastAdapt provides tools such as inundation mapping software, local coastline morphological information, coastal climate adaptation decision support guidance and Australian case studies on coastal adaptation. 
Similar to the US, coastal planning at national to regional scale in Australia is shared by the federal and the state/territory governments, while local coastal planning and management is primarily the role of local governments under the direction of state policy. Each of the state/territory governments has established different SLR planning guidelines. For example, the state of Victoria has stipulated since 2008 (and reassessed in 2014) that planning authorities must plan for a SLR increase of 'not less than' 0.8 m by 2100, whereas in South Australia new developments should take into consideration 0.3 m SLR by 2050 and a further 0.7 m SLR between 2050 and 2100 [58] . To support local council planning and management, CCS in the form of regional sea level projections and their uncertainties up to 2100, including sea level allowances to support coastal defense upgrades, have been developed [32] . These are delivered as a national climate service along with other projected atmospheric and oceanic variables such as temperature, precipitation, wind, ocean and pH [59] , but also as a more specific coastal climate service at the scale of individual Australian coastal councils on the 'CoastAdapt' web site [60] . In addition to SLR projections and allowances at the coastal council scale, CoastAdapt provides tools such as inundation mapping software, local coastline morphological information, coastal climate adaptation decision support guidance and Australian case studies on coastal adaptation.
Example 3: French Coastal Climate Services
CCS are developing at different paces depending on the region and country or state. Until 2010, the awareness and implementation of coastal adaptation was much more advanced in the UK and the Netherlands than elsewhere in Europe [61] , including France, where local coastal risk prevention plans lagged. However, awareness can rise rapidly due to extreme events, as illustrated by the case of the Xynthia storm and surge in France in 2010, which caused more than 50 deaths and significant economic damages on the Atlantic coast [62] . After this event, the French risk prevention regulations were modified to improve coastal hazard maps [63] by defining standards to model coastal processes such as storm surge and wave setup [64] and to consider future SLR. To avoid heterogeneous responses along the coastlines driven by individual municipality selections, the scientific community concerned with SLR was consulted, and a standardized fixed sea level projection of +60 cm by the end of the 21st century was defined and included into the regulation [65] . This resulted in additional constraints on land use planning policies, while stimulating research and development on coastal flood modelling [66] . In addition, non-binding regulatory frameworks were implemented to facilitate land use planning in coastal zones, and the insurance and reinsurance industry is considering the introduction of new insurance products to anticipate and favour adaptation. Despite the real progress in the development of CCS since 2010, there are still concerns due to the limitations of sea level projections currently used, because uncertainties, temporal, regional and local variability are not considered. In this case, SLR projections are essentially used to limit further urbanisation in coastal zones, potentially creating a maladaptation trap in area where sea level will exceed the threshold defined by the regulation [67] . Recently, an additional law for adaptation has been discussed in the parliament to institute construction regulations that consider the expected lifetime of engineered infrastructure together with shoreline change predictions. However, providing shoreline erosion predictions with a sufficient degree of confidence remains a research challenge today. This is illustrative of a situation where the implementation of an adaptation policy is limited by research.
Example 4: Critical Settlements and Infrastructure
Sea level projections beyond 2100 are being developed for critical coastal assets, such as nuclear power plants [68] , security infrastructure [11] , and critical settlements such as atoll islands or low-lying deltas. However, in many vulnerable areas, long-term issues related to SLR are not considered due to the urgency of other risks, such as cyclones, earthquakes or industrial risks, and also because of institutional, social and economic barriers to their prevention and management [69] . For example, developing countries have large immediate development concerns, which inevitably consume the limited human, technical and financial resources at the expense of multi-decadal to multi-centennial issues. New management initiatives such as the Bangladesh Delta Plan 2100 [70] provide mechanisms to address this issue of balancing temporal scales. To cover all relevant timescales in such vulnerable areas, CCS will also require support from international projects involving international networks of scientists, as well as the strong background knowledge provided by the Intergovernmental Panel on Climate Change (IPCC). More general climate services, considering not only sea level, are based on IPCC results, for instance in the Netherlands by the KNMI [71] . In the UK, national climate projections combine international studies, including research reported in the IPCC, with domestic modeling approaches [72] .
Generic Lessons from These Examples
The Status of Coastal Climate Services
The review has shown that coastal climate services already exist in some places. In the US, several services [49, 50] are based on scenarios [9], while others [10, 11] have built on the recently released set of sea level projections [8] . In many other countries, unlike other climate services relying on a core service providing essential climate variables such as mean and extreme temperatures, CCS are emerging in a scattered manner linked to local or national coastal management. In all cases, they remain mostly unconnected to the global framework of climate services. The range of examples here demonstrates that a one-size-fits-all approach is not warranted. On the other hand, these case studies enable the identification of common elements of coastal climate services, which could apply on a more global scale. Nevertheless, it can be also noted that the sea level projections considered in these examples are mostly consistent with those published by the IPCC.
The Purpose of Coastal Climate Services
The demand for services based on sea level projections is driven by three main user needs (Table 2; after Titus and Narayan, 1995 [73] ):
(1) To analyse the benefits of mitigation of climate change, by comparing coastal impacts of sea level projections under different greenhouse gas emissions [74] (Row 1 in Table 2 ); (2) To highlight research needs [75, 76] (Row 2 in Table 2 ); (3) To support adaptation to present and/or future sea level changes (Row 3a-d in Table 2 ).
The third need can be further divided into a range of more specific needs related to adaptation and disaster risk reduction strategies [77] . Global to national level users, for example, require assessments of impacts over varying spatio-temporal scales, in order to stimulate the implementation of adaptation plans or regulations, as in the French example (Row 3a in Table 2 ). Other users at regional to local scales require services to support preparedness to current sea level and flood hazards (Row 3b in Table 2 ) and to understand local to regional adaptation needs over multi-decadal timescales [78] , including critical infrastructure where relevant [11] (Row 3c in Table 2 ). The U.S. example shows that coastal researchers and engineers have already partly responded to these needs, for example by providing annual predictions of high-water event frequencies to help budget appropriately in terms of costs of preparedness and crisis management (e.g., road closures, installation of pumps, sandbags, inflow preventers in storm water systems). Finally, Row 3d in Table 2 highlights the emergence of services aiming at evaluating the efficiency of adaptation measures and policies [79] . For example, building dikes to reduce the occurrence of overflow modifies flooding risks at local to regional scale: catastrophic flooding can still occur due to overtopping or breaching of dikes, and applying this measure systematically can result in amplifications of the tidal and surge maxima, ultimately increasing the flooding. Overall, Table 2 illustrates that CCS refer to a wide range of impacts and temporal and spatial scales, especially in the area of adaptation. To discriminate among the global impacts of different sea level projections corresponding to different greenhouse gas emissions pathways.
From 2050 onward
To highlight research needs
Research results highlighting needs for new SLR projections [75, 80] or new coastal impacts assessment methods [55, [81] [82] [83] [84] To demonstrate issues that are uncertain and sensitive requiring further research at local to regional scales.
From now to 2100 and beyond 3a. To understand global coastal adaption costs and benefits
Macro-scale studies demonstrating that adaptation is more cost-efficient than doing nothing [36, 37, 84] or evaluating the responsibilities of countries in SLR and their needs for adaptation [85] To distinguish between the coastal impacts induced by future SLR from those induced by other processes at regional to global scales.
Coming decades to 2100 and beyond Supporting preparedness, prevention and adaptation planning [10, 12, 43, 47] , according to the disaster risk reduction terminology [51, 77] To model impacts of sea level changes of a few 10's cm at local to regional scales (e.g., cities, estuaries) with improved confidence about when these effects will occur.
Near-term forecasts and projections, up to 2050, with a strong focus on the coming years to decade 3c. To understand local adaptation needs
Coastal vulnerability indicators [86] Detailed [66, 81, 87] to appropriate complexity modelling [88] Expected annual damages, adaptation needs [89] [90] [91] [92] [93] [94] Critical infrastructures such as nuclear power plants [68, 95] Critical settlements such as atoll islands [96, 97] To assess local to regional SLR, coastal environmental evolution and societal development within a single framework.
To identify the timescales of local to regional changes for complex biophysical and human systems.
Coming decades to 2100 and beyond 3d. To evaluate local adaptation measures and policies
Robust decision making ( [98] for an application of the approach in another context) Tipping points [54, 98] Dynamic adaptive policy pathways or robustness approach [99, 100] To differentiate local to regional impacts of SLR according to different adaptation options.
Coming decades to 2100 and beyond
Users and Providers of Coastal Climate Services
The examples of Section 2.1 indicate that the climate services involves interactions among users and service providers (illustrated through arrows displaying information flows in Figure 2 ). This is suggestive of an evolution toward higher technology readiness levels, whereby CCS are entering in a phase of development, according to the research-to-operation scale of Brooks [101] . Figure 2 identifies three groups of users and providers of CCS, who all build upon the IPCC reports, and, when available, other expert groups:
• End-users of CCS, who ultimately benefit from them, and who are in charge of implementing adaptation and mitigation: this refers to a wide range of parties concerned with mitigating climate change and adapting to its consequences, who are generally involved in the process of decision making.
• Sea level information providers, such as the climate science community or government agencies who develop, use and interpret the models evaluating future sea level changes, and ultimately provide of mean and extreme sea level scenarios and projections.
•
The coastal service providers, including coastal engineers, and consultants whose expertise is concerned with evaluating coastal hazards, such as coastal flooding, erosion and sedimentation, saline intrusions in estuaries, lagoons and coastal aquifers as well as their impacts on human activities, the environment and the economy. Traditionally, these coastal service providers have provided coastal information to end users. They are users of sea level projections.
The Business Case for Coastal Climate Services
The examples in Section 2.1 show that both public and private sectors are involved in the development of climate services [102] . However, economic activities supplying climate services remain today almost exclusively driven by a public demand (e.g., near-term investments for coastal protection or adaptation to chronic flooding vs. longer-term investments for larger infrastructure or relocation) or by public regulations [18] . Private organizations involved in coastal climate services are responding to this public demand, as in the case of France, where both private and public organization are assessing coastal hazards in support to local regulatory coastal risk prevention plans. Furthermore, despite the variety of the examples presented above, large vulnerable geographic regions are not covered by climate services today. Therefore, incentives and investments will be necessary to accelerate the development of coastal services.
Barriers to Coastal Climate Services Using SLR Scenarios or Projections
Common Barriers in the Development of Climate Services
Common barriers to the uptake of a variety of climate services have been extensively discussed in the literature [3, 4, 18, [102] [103] [104] [105] [106] . Table 3 examines the extent to which these common barriers apply to the case of CCS. Among the four barriers identified during the first phase of early design of climate services, only one applies to CCS: as adaptation is now considered an urgent issue, users are requesting an increasing amount of information, which remains in the field of research. Wherever the research community is the only service provider able to respond to the demand while meeting the quality standards, the different time-scales involved in translating research into operations means that adaptation is often lagging behind the expected schedules. While this difficulty appears obvious in the French example (Section 2.1.3), it is not specific to the case of CCS and rather highlights the need to support innovation, as previously noted by Brooks [101] .
In the second phase of climate services development, called the development phase, a range of barriers pertaining to difficulties in specifying and satisfying service requirements arise. Section 2 has already provided some empirical evidence of these barriers: when attempting to define CCS based on sea level projections, no single framework can be identified. Moreover, as previously noted by Hinkel et al. [7] , sea level information provided so far has remained largely centered on science, while barely considering the workflows of users and their usages of sea level information. Overall, these barriers arise due to a lack of communication among stakeholders involved in the design and development of CCS. In the remainder of this section, we thus examine current interactions and information flows among stakeholders of coastal climate services (arrows in Figure 2 ), in order to identify specific barriers to their further development. Specifically, we successively examine three important barriers in the development phase (see Table 3 Insufficient awareness regarding vulnerability to climate change [4] Partial (see Section 2): sea level projections beyond the likely range of IPCC are frequently used [7, 78, 100] , but most users are unaware about long term SLR commitment.
Lack of understanding of the decision-making context [3] Partial (see Section 2): for example, sea level projections have been used in coastal engineering design at the municipality scale in Australia [32, 106] Differences in working times for scientists and decision makers providing or using climate services [4] Yes: the French example shows that by establishing a regulation in favour of adaptation, coastal stakeholders require operational products within six months or a year (e.g., multidecadal shoreline erosion predictions), while research has hardly provided with a satisfactory level of confidence so far in this area (Section 3.1). Lack of formalized requirements from translators of climate information into services [101, 103] Partial: coastal service providers have hardly provided detailed formalized requirements for sea level information besides Nicholls et al. [78] ; see Section 3.3)
Limited ability of impact models to include climate information [105] Yes: coastal evolution models have limitations over the time and space scales relevant for SLR [107, 108] (see Section 3.3)
Limited credibility and legitimacy of climate change impacts modelling frameworks [104, 105] Yes: coastal impact and adaptation modeling frameworks only cover part of the sea level, biophysical and socioeconomic uncertainty [37] (Section 3.3) and some key coastal datasets remain incomplete (e.g., information on subsidence and current shoreline changes [109] ).
Limited salience of current scientific results, including sea level information (relevance to the user needs) [3, 4, 104] Yes: coastal impact and adaptation modeling frameworks are incomplete which may lead to maladaptation [7] (Section 3.3), and sea level information remains difficult to interpret for CCS providers (Section 3.4)
Lack of awareness regarding the climate and sectorial information available [3, 18] Partial: there are informed users of coastal climate information, as shown by the Australian and UK examples.
Lack of funding for innovation [101] Country dependent
Lack of evaluation and validation [101] Country dependent
Operations
Limited societal benefits [3, 18] None: in general not relevant to developed coastal areas as shown by the large latent demand for CCS (Section 2) Lack of business model [4, 18] Yes: (Section 2): sea level projections are used in regulatory frameworks or in public or private procurements (e.g., World Bank projects in developing countries [110] ). However, the long term impacts of SLR are often little addressed.
Inadequate governance [3, 18] Yes (Section 2): UK continuously improve their use of sea level projections in CCS for more than a decade [78, [111] [112] [113] 
Lack of Formalized Requirements from End-Users
Difficulty in specifying end-user needs is a common barrier to the uptake of climate services [101, 103] . In the area of SLR, a specific difficulty consists of understanding the extent to which users may accept higher damages than those implied by the likely range [7] . Indeed, knowledge about risk aversion and acceptability levels are difficult to obtain and to communicate [114] and can vary widely between users. Section 2 provided empirical evidence that this specific difficulty has not prevented the development of CCS in practice, as it presents examples where end-users have been able to include sea level information and coastal impact studies in their workflows. For example, coastal impacts studies are commonly used to justify "low-regret" strategies, such as maintaining ecological services and quality in coastal zones [115] , relocating some buildings or activities, or to limit further urbanization in low lying or erodible coastal areas [116] . They are also used to anticipate the upgrade of defence works in coastal areas, which will be necessary to control safety levels despite sea level rise, demographic growth and land use pressure [32, 36, 89, 90] . Moreover, other products are emerging: for example, coastal engineers not only design coastal defences that anticipate future upgrades [117] , but also perform vulnerability assessments for existing infrastructure, which may have already experienced changing sea levels over a century or more [100] .
For all those examples, precise products are defined (e.g., "setback lines", "sea level allowances", "elevation thresholds"), which all require knowledge of historic sea levels and SLR scenarios or projections. These examples demonstrate that the hypothesis that CCS systematically lack precise requirements can be rejected. Hence, other information flows in Figure 2 must be considered to explain why CCS emerge too slowly.
Lack of Formalized Requirements from Translators of Climate Information into Services
To obtain information on coastal impacts of SLR, end-users are turning to traditional coastal service providers such as coastal engineers, geologists, consultants and coastal scientists (upper right block in Figure 2 ). For these service providers, the main challenge is to choose an appropriate conceptual or physical modelling framework to evaluate coastal hazards, impacts and adaptation over time, in order to respond adequately to the questions raised by end-users. The multiple impacts of sea level rise (inundation/flooding, erosion, salinization, wetland loss and change, etc.) means that such assessments need to be comprehensive and consider a variety adaptation responses [118] . Coastal service providers use a range of approaches to tackle this challenge.
A first approach used by coastal service providers consists of classifying the coastal systems considered according to their vulnerability, instead of focusing on the details of SLR projections [86] . Such classifications translate some simple principles on a map: for example, regardless of the future sea level, eroding sand spits, former wetlands, unconsolidated cliffs and low-lying areas exposed to storms are known to be the most vulnerable areas. Once these simple rules have been identified, elaborating a coastal vulnerability index becomes a classical multi-criteria decision mapping problem [119] , involving heterogeneous data regarding the physical and human coastal environment and expert opinion [86, [120] [121] [122] [123] . This approach considers rough SLR assumptions only (e.g., 1 m by 2100) and can identify critical areas where avoiding further urbanisation and development or planned retreat should be considered. This qualitative approach is unable to identify exactly when adaptation is required, though it can provide a range of time over which effects may be expected. For complex situations or cases where the consequences are high, more detailed approaches may be required. Hence, its use remains presently limited to assessments and evaluations other than for critical areas (Table 2, 1st Column).
A second approach applied to assess impacts and adaptation uses scenarios or sea level projections with coastal models of varying complexity to quantify possible impacts [88, [124] [125] [126] [127] . Hydrodynamic models of floods and salinization assuming constant morphology are reasonably skilful [66, 93, 128] , but coastal evolution morphodynamic models still have limited predictive capabilities over the timescales relevant for decision making on coastal adaptation. Most of them rely on equilibrium profile assumptions, such as the Bruun rule, to model the impacts of SLR [108, 109, [129] [130] [131] . While flexible probabilistic modelling approaches for estimating setback lines from erosion are increasingly being developed [106, 116, 132, 133] , care is required in interpreting the uncertainties reported in IPCC SLR scenarios, particularly when representing the uncertainties by probability distributions (see Section 3.4.3 below). Similar cautions apply to the calculation of sea level allowances [32, [90] [91] [92] . Furthermore, in many areas where active sediment processes are taking place, changing bathymetries modify coastal hydrodynamic processes and the related flooding hazards [55, 134] . Similarly, neither socioeconomic uncertainties nor the impacts of human adaptation are fully addressed in existing modeling frameworks [37] . Because these complex and coupled processes are still poorly represented in integrated coastal impact models, large residual uncertainties remain.
Some end-users are already accustomed to making decisions in a context of uncertainties. However, Table 2 (Column 3) shows that several needs are very demanding for coastal impact models: for example, the decision-making requirement to discriminate between the efficiency of different adaptation strategies will not be satisfied if the different modelling results are dwarfed by the uncertainties of coastal impact models outcomes. Ultimately, these large uncertainties can hinder the ability of CCS providers to meet user needs for specific risk acceptability criteria, and at worst, they may mislead coastal decision-making [7] .
We conclude from this subsection that coastal impact models do not always have the capabilities required to satisfy user needs and meet the challenges exposed in the 3rd Column of Table 2 . Consequently, relying on providers to interpret user requirements alone is not sufficient. However, this practice remains quite common today as illustrated by the one-way information flow in Figure 2 between sea level and coastal impact information providers. Instead, there are still large research and development efforts to improve current coastal impact models, their use of sea level scenarios or projections, and their use in CCS. Hence, a challenge for CCS will be to promote two-way communication between sea level information providers and coastal service providers to ensure that sea level projections are fit-for-purpose for a larger range of next-user applications.
Lack of Salient Sea Level Information
Requirements for SLR Information
Both modelling approaches discussed above require sea level products considering the following aspects:
•
Regional to local variability of sea level change, including coastal vertical land movement, irrespective of whether they are driven by climate change, tectonic change or direct human interventions, to downscale to local impacts assessments [109] .
• Uncertainties, including likely, high-end and low-end scenarios, which are needed to examine impacts and adaptation responses [37, 38, 90] , to test the robustness of adaptation measures, to identify minimum adaptation needs; • The temporal evolution of sea level, which is important for estimating when to adapt or to define times of emergence for coastal impacts and adaptation needs. Figure 3 ). However, much less information is available on temporal evolution (Section 3.4.4 below). Today, such sea level products are either used directly in coastal impact studies, or to define fixed standardized sea level scenarios can be defined by end-users, as is the case in France and some US agencies [53, 54] . 
Lack of Salient Sea Level Information
Requirements for SLR Information
• Regional to local variability of sea level change, including coastal vertical land movement, irrespective of whether they are driven by climate change, tectonic change or direct human interventions, to downscale to local impacts assessments [109] .
• Uncertainties, including likely, high-end and low-end scenarios, which are needed to examine impacts and adaptation responses [37, 38, 90] , to test the robustness of adaptation measures, to identify minimum adaptation needs; • The temporal evolution of sea level, which is important for estimating when to adapt or to define times of emergence for coastal impacts and adaptation needs.
•
Most existing sea level scenarios and projections have addressed regional variability and their uncertainties (Sections 3.3.2 and 3.3.3 below), all following approximately the same methodology ( Figure 3 ). However, much less information is available on temporal evolution (Section 3.4.4 below). Today, such sea level products are either used directly in coastal impact studies, or to define fixed standardized sea level scenarios can be defined by end-users, as is the case in France and some US agencies [53, 54] . 
Barriers to Providing Regional to Local Variability of Sea Level Changes
Scenarios and projections accounting for the oceanic, mass exchange and solid earth deformation processes causing regional sea level variability are now widely available [8, [20] [21] [22] [23] [24] [25] [26] (Figure 4) . However, coastal users in general still lack precise information to convert SLR from global models to a local on-shelf scale, including distortion of the SLR signal on continental shelves [135, 136] . Furthermore, while coastal subsidence or uplift cause additional regional to local sea level variability ( Figure 5 ), only the effects of the global isostatic adjustment and the response of the solid Earth to current large scale ice and water mass redistributions are usually included in sea level projections. Other vertical ground motions due to tectonic, volcanic, hydro-sedimentary and ground stability processes are often not available. However, they can have substantial effects at spatial scales ranging from a few meters to entire regions. Pointwise information regarding subsidence is included in the projections of Kopp et al. [8] and the U.S. scenarios of Sweet et al. [12] , based on an analysis of tide gauge records. Alternatively, Global Navigation Satellite Systems (GNSS) measurements can be used, where possible, to infer vertical land motion trend rates [11, 137] . These pointwise geodetic observations can be insufficient to characterize vertical ground motions where substantial and spatially variable subsidence rates exist [138] [139] [140] . Furthermore, these approaches assume that subsidence-related trends will persist through 2100, which could be invalidated if human activities are largely the cause of the measured subsidence and these activities cease in the future [140] [141] [142] [143] [144] [145] . 
Scenarios and projections accounting for the oceanic, mass exchange and solid earth deformation processes causing regional sea level variability are now widely available [8, [20] [21] [22] [23] [24] [25] [26] (Figure 4) . However, coastal users in general still lack precise information to convert SLR from global models to a local on-shelf scale, including distortion of the SLR signal on continental shelves [135, 136] . Furthermore, while coastal subsidence or uplift cause additional regional to local sea level variability (Figure 5 ), only the effects of the global isostatic adjustment and the response of the solid Earth to current large scale ice and water mass redistributions are usually included in sea level projections. Other vertical ground motions due to tectonic, volcanic, hydro-sedimentary and ground stability processes are often not available. However, they can have substantial effects at spatial scales ranging from a few meters to entire regions. Pointwise information regarding subsidence is included in the projections of Kopp et al. [8] and the U.S. scenarios of Sweet et al. [12] , based on an analysis of tide gauge records. Alternatively, Global Navigation Satellite Systems (GNSS) measurements can be used, where possible, to infer vertical land motion trend rates [11, 137] . These pointwise geodetic observations can be insufficient to characterize vertical ground motions where substantial and spatially variable subsidence rates exist [138] [139] [140] . Furthermore, these approaches assume that subsidence-related trends will persist through 2100, which could be invalidated if human activities are largely the cause of the measured subsidence and these activities cease in the future [140] [141] [142] [143] [144] [145] . Figure 5A ,B illustrate these issues in the case of Manila (Philippines), which has displayed vertical ground motions of >10 mm/year and net changes of several metres during the 20th Century. In fact, this city is prone to large subsidence due to groundwater withdrawal and/or drainage, similar to other coastal cities built on thick Holocene and Pleistocene deposits and where groundwater extractions exceed the recharge of aquifers [118, 145, 146] . The ground motion velocity fields shown in Figure 5A ,B show that current pointwise measurements (Tide gauge, GPS, Doris) remain spatially too sparse and records too short, so that coastal users would have difficulties to quantify the contribution of vertical ground motions to relative SLR without complementary information from synthetic aperture radar interferometry [138] [139] [140] 144] . This example shows that for subsidence and uplift processes unrelated to climate change, more observations would be extremely beneficial to CCS. Figure 5A ,B illustrate these issues in the case of Manila (Philippines), which has displayed vertical ground motions of >10 mm/year and net changes of several metres during the 20th Century. In fact, this city is prone to large subsidence due to groundwater withdrawal and/or drainage, similar to other coastal cities built on thick Holocene and Pleistocene deposits and where groundwater extractions exceed the recharge of aquifers [118, 145, 146] . The ground motion velocity fields shown in Figure 5A ,B show that current pointwise measurements (Tide gauge, GPS, Doris) remain spatially too sparse and records too short, so that coastal users would have difficulties to quantify the contribution of vertical ground motions to relative SLR without complementary information from synthetic aperture radar interferometry [138] [139] [140] 144] . This example shows that for subsidence and uplift processes unrelated to climate change, more observations would be extremely beneficial to CCS. [8] data. The probability density functions (PDF) in Manila are slightly flatter than at global scale, reflecting the larger uncertainties caused by the large distance to glacial ice melting sources. Unlike Carson et al., Kopp et al. include a background subsidence estimated from sea level time series, so that the PDF is shifted to the right. However, future vertical ground motion will depend on future groundwater extraction, and is likely to be variable by location, increasing uncertainty. These examples illustrate the type of information coastal service providers need to analyse when designing sea level projections applicable at local scales. Data from IPCC AR5 Ch13 [20] , Carson et al. [24] , Kopp et al. [8] , Raucoules et al. [140] . Figure 5A ,B illustrate these issues in the case of Manila (Philippines), which has displayed vertical ground motions of >10 mm/year and net changes of several metres during the 20th Century. In fact, this city is prone to large subsidence due to groundwater withdrawal and/or drainage, similar to other coastal cities built on thick Holocene and Pleistocene deposits and where groundwater extractions exceed the recharge of aquifers [118, 145, 146] . The ground motion velocity fields shown in Figure 5A ,B show that current pointwise measurements (Tide gauge, GPS, Doris) remain spatially too sparse and records too short, so that coastal users would have difficulties to quantify the contribution of vertical ground motions to relative SLR without complementary information from synthetic aperture radar interferometry [138] [139] [140] 144] . This example shows that for subsidence and uplift processes unrelated to climate change, more observations would be extremely beneficial to CCS. [8] data. The probability density functions (PDF) in Manila are slightly flatter than at global scale, reflecting the larger uncertainties caused by the large distance to glacial ice melting sources. Unlike Carson et al., Kopp et al. include a background subsidence estimated from sea level time series, so that the PDF is shifted to the right. However, future vertical ground motion will depend on future groundwater extraction, and is likely to be variable by location, increasing uncertainty. These examples illustrate the type of information coastal service providers need to analyse when designing sea level projections applicable at local scales. Data from IPCC AR5 Ch13 [20] , Carson et al. [24] , Kopp et al. [8] , Raucoules et al. [140] . [8] data. The probability density functions (PDF) in Manila are slightly flatter than at global scale, reflecting the larger uncertainties caused by the large distance to glacial ice melting sources. Unlike Carson et al., Kopp et al. include a background subsidence estimated from sea level time series, so that the PDF is shifted to the right. However, future vertical ground motion will depend on future groundwater extraction, and is likely to be variable by location, increasing uncertainty. These examples illustrate the type of information coastal service providers need to analyse when designing sea level projections applicable at local scales. Data from IPCC AR5 Ch13 [20] , Carson et al. [24] , Kopp et al. [8] , Raucoules et al. [140] .
Barriers to Providing Information on Uncertainties of Future Sea Level Change
Before addressing the uncertainties, it is worth noting that even if climate change is mitigated to reach the Paris agreement objectives, sea level will continue rising for millennia [15] , and that uncertainties remain about the speed of the process.
Users of sea level scenarios generally account for uncertainties by using several scenarios and assessing the robustness of their results to these scenarios (e.g., [54] ). Several studies have attempted to provide coastal users with further details on uncertainties in future sea level projections, either by adjusting probability distributions to the median and likely range provided by the IPCC, or by designing non-parametric methods [8, 89, 90] (Figure 5C ). This exercise is difficult because the processes involved in ice sheet melting are deeply uncertain. In the near future, the uncertainties in sea level projections are likely to be informed by two lines of research: -Using one or several sets of probabilistic sea level projections, assuming a specific modelling framework for ice sheets. For example, the recent projections by Kopp et al. [147] are based on the modelling assumptions of DeConto and Pollard [148] , but other projections could be based on the probabilistic projections of Ritz et al. [149] . -Using sea level projections based on expert judgement of ice sheets contributions to future SLR [150] , or combining expert judgement with process-based models [151] .
In the first case, deep uncertainties will be reflected by the different distributions resulting from different modelling frameworks. In the latter case, due to the lack of information to define each quantile of any probability distribution, it might not be possible to credibly quantify the precise probability of the tails of the SLR distribution [152] . However, this does not mean there is not useful information on these more extreme changes [100] . This raises the need for other theories of uncertainties able to convey differences among different estimates while minimizing the introduction of arbitrary information in uncertainty representations [153, 154] . These latter approaches are complementary to probabilistic descriptions of uncertainties: in some coastal areas, users will require an optimal response to SLR through probabilistic projections [89, 155] , whereas others will use sea level scenarios or projections conveying minimum or maximum SLR estimates, in order to estimate minimum adaptation needs or to explore high end scenarios 1 .
As shown by Figure 4B ,D the uncertainties of local sea level projections display a regional variability. Furthermore, each source contributing to future SLR has a different probability distribution, with the longest tail probably being due to west Antarctic ice-sheet instability/melting. Due to the regional fingerprints of each contribution to sea level change, the regional probabilistic sea level projection will vary from place to place [8, 25, 26, 156] ( Figures 4B,D and 5C ). This means that new estimates for each of the contributions will also have different consequences on a regional level.
However, this information has been only made available for coastal users since 2014 (in particular through the supplementary materials of Kopp et al. and of the IPCC report Ch13), thus limiting the number of coastal studies accounting for this spatial variability of uncertainties in SLR projections. From the perspective of coastal service providers, regional probabilistic sea level projections should also account for additional sources of uncertainties due to meso-scale coastal oceanic processes or vertical ground motions. However, existing regional sea level projections only partly take into account these sources of uncertainties, as this type information is often not available. It is made more difficult because the confidence in each term may be different. It is not clear at this time whether users are fully aware of the different uncertainties introduced by the use of projections beyond the uncertainties they are accustomed to dealing with in the scenario approach. This topic deserves further exploration by providers to fully understand how the differences in decisions taken using scenarios vary from those taken based on projections. This is required to be sure that the services do not inadvertently bias decisions makers in a way that increases the potential for adverse impacts.
Barriers to Providing Information on the Temporal Dynamics of Sea Level Changes
Beside the long-term sea level trend, the seasonal, interannual and multidecadal variability superimposed on these trends is of importance. For example, Slangen et al. (this volume, [92] ) calculate the change in flooding risk due to the combined effect of sea level trends and variability by using the concept of allowances [89, 90] . Users can find information on the temporal variability in the trends in SLR projections in the integrated Data Center of the University of Hamburg, which presents the timeseries of the IPCC AR5 projections [20, 24, 157] . However, this information only partly includes the meso-scale ocean processes causing interannual to decadal sea level variability such as El Niño lower frequency modes of variability [158] [159] [160] , or interactions between tides and SLR [161] [162] [163] . Furthermore, vertical land motion (especially subsidence) can be highly non-linear in space and time, and may depend on non-predictable natural or anthropogenic processes such as tectonics or drainage/groundwater extraction [140] . In addition to the efforts to explicitly model these sources of temporal variability in sea level projections (see Section 2.1), coastal service providers have taken into account these processes either by analyzing their impacts on past sea level observations and assuming they will remain unchanged in the future [29, 164] , or by considering them as an additional source of uncertainty together with other processes causing deviations to a global or regional average [78, 111] . While coastal service providers are aware of these issues, many of them require guidance to use these different components, design locally applicable sea level projections, and propagate their uncertainties and temporal dynamics into coastal impacts models. Finally, most sea level projections end in 2100, while as already noted in Table 2 there can be interest in longer-term projections for long-term design and planning issues.
Elements for Overcoming Barriers and Facilitating the Use of Sea Level Projections in Coastal Climate Services
A Framework for Coastal Climate Services
Due to the diversity of stakeholders, user needs and kinds of services required, future work on coastal climate services would greatly benefit from an overarching framework to guide their development. This subsection provides such a framework by extending the general climate service framework of Monfray and Bley (2016) [105] to the case of CCS based on sea level scenarios or projections ( Figure 6 ). The starting point for developing CCS is the demand by user communities for services related to climate, sea level and coastal science. Neither observations and databases available today [137, [165] [166] [167] [168] [169] nor the existing models and climate services (e.g., CMIP-5 [170] , CORDEX [171] , solid Earth deformation models [172] [173] [174] [175] ) directly respond to this demand. Hence, as in other areas of climate services, there is a need to strengthen the linkages between users and climate, sea level and coastal information providers [105] . In the context of the development of CCS, the scientific community is not only concerned with developing observations and models, but it is also expected to play a major role in the development of the boundary layers that translate climate, sea level and coastal information for users. Here, relevant approaches include building on best practices from the science community (such as the IPCC reports [13, 20] ) and exemplary case studies that combine both the science of SLR with applications (e.g., Section 2). For example, several countries such as the USA have moved beyond scenarios to planning and implementation for chronic and long-term effects of sea level changes (Section 2.1.1). Figure 6 also identifies boundary areas, which connect user requirements to climate, sea level and coastal science. This transitional layer includes eight topic areas, where applied research is needed, including (1) cross-cutting research (see Section 4.2 below) and (2) topical research in the area of mean and extreme sea level scenarios and projections, biophysical and socioeconomic impacts and adaptation (see Section 3). We argue that removing the barriers identified in Section 3 implies combining efforts in these interdisciplinary and topical research areas. Importantly, Figure 6 escapes from the simplistic linear top-down model of "providing information to users", and recognizes the benefits of co-design and co-development between users and researchers, starting with the specific decision and governance context users are facing. A vital component of this is the longer term influence of the user needs on underpinning climate and impact science development. [105] ). This framework is valid as long as CCS based on sea level scenarios or projections are in a phase of research and development (Table 3) .
Addressing Cross-Cutting Research Needs
Whatever the coastal impact considered, four cross-cutting lines of research can help to bridge the gap between the user demand and coastal and sea level science ( Figure 6 , shaded green arrows). They include all the disciplines needed to:
• Interact with users appropriately [105, [176] [177] [178] [179] , in order to progressively settle on CCS meeting their needs.
• Identify where CCS can be mainstreamed into existing decision making frameworks [180] [181] [182] .
• Address uncertainties in a consistent and comprehensive way all along the chain of disciplines involved, taking account of different levels of confidence in uncertainty estimates, and considering not only observations or models, but also users' differing needs and risk tolerance (following Hinkel et al. [7] ).
• Develop appropriate experimental designs for decision support tools, combining all required components of CCS, addressing the challenges identified in the 3rd Column of Table 2 , and allowing a comprehensive assessment of uncertainties from all relevant sources, including climate and coastal processes [83, 183] .
In the previous sections, we have shown that irrespective of the specific needs of end-users, a main concern of coastal service providers is to deliver robust, trusted and understood outputs (see Table 2 and Section 3). This leads to questions such as: are the conclusions suggested by coastal impact modelling experiments robust against the uncertainties in sea level projections and other uncertain parameters incorporated by the model and in agreement with existing data? Are the modelling results sensitive to different and equally appropriate modelling strategies [81, 183] ? Does the model itself have a bias or imprecision that could jeopardize the robustness of these conclusions? How are the residual uncertainties resulting from incomplete knowledge of the different processes generating coastal risks addressed [184] ? If the uncertainties prevent the drawing of robust conclusions, is there a way to reduce them? How is expert judgement incorporated alongside the use of models?
A natural response to such concerns consists of propagating the uncertainties through the chain of models and conducting a sensitivity analysis [185, 186] . Here, research is needed to guide users toward coastal modelling schemes that are sufficiently accurate, precise and resolved spatially and temporally to incorporate sea level scenarios or projections and to respond to their needs (Table 2, 3rd Column). At present, coastal impacts models do not always have the required accuracy and [105] ). This framework is valid as long as CCS based on sea level scenarios or projections are in a phase of research and development (Table 3 ).
•
Identify where CCS can be mainstreamed into existing decision making frameworks [180] [181] [182] .
Develop appropriate experimental designs for decision support tools, combining all required components of CCS, addressing the challenges identified in the 3rd Column of Table 2 , and allowing a comprehensive assessment of uncertainties from all relevant sources, including climate and coastal processes [83, 183] .
A natural response to such concerns consists of propagating the uncertainties through the chain of models and conducting a sensitivity analysis [185, 186] . Here, research is needed to guide users toward coastal modelling schemes that are sufficiently accurate, precise and resolved spatially and temporally to incorporate sea level scenarios or projections and to respond to their needs (Table 2, 3rd Column). At present, coastal impacts models do not always have the required accuracy and precision to meet these challenges [108] , except in the case of coastal flood modelling during extreme events, where errors can be reduced to about 10 cm [66] . In the area of coastal evolution and erosion, further research efforts are needed to quantify modelling uncertainties for examples of mixed physical/empirical models able to incorporate precise sea level projections [56, 133, 187] . Furthermore, detailed salinization impact studies require high-complexity hydrogeological models able to represent groundwater fluxes through heterogeneous geological layers, and all models finally require evolving shorelines and bathymetries as boundary conditions. Finally, uncertainty theories are also useful to understand and model the residual uncertainties of coastal impact models, including those resulting from the high right hand tail of probabilistic sea level projections (see Section 3). This should be accompanied with similar efforts to model the uncertainties of other impact drivers, such as variable and changing waves and surge patterns, and to better understand the differences in decisions resulting from scenarios and those resulting from projections. Such research focused on the overall architecture of the experimental design can greatly benefit from existing frameworks developed at various scales [36, 126, 127] .
Sustaining Public Finance and Developing Viable Private Business Model
When new services are supplied, a key question remains as to whether and how public demand can be satisfied before private demand has developed [101] . Presently, CCS are primarily demanded publicly, through research funding and public tenders, by agencies involved in government investments, by regulatory and permit requirements, or as terms in calls for tenders (Section 2). However, the demand is expected to grow as industries seek to assess their exposure to risk in response to the recommendations of the Task Force for Financial Disclosure [188] and as the Paris Agreement includes a strong adaptation focus. In developing countries such as small island developing states, CCS are increasingly supported by organizations such as the multilateral funds under the UNFCCC (e.g., the Green Climate Fund) and other national funds, donor organizations and the finance community concerned with the adaptation finance gap [189] . A prerequisite for sustaining and enhancing these financial flows is to identify viable business models for CCS in vulnerable developing countries that do not depend on public funding only.
Guidance and Capacity Building for Developing Countries
The information conveyed through IPCC reports is critically needed for the uptake of local CCS, especially in developing countries. They often constitute the most credible scientific reference for many end-users, but suffer from the major problem that new science emerges between reports, and waiting for the next round of IPCC assessment might lead to the most appropriate science being omitted from planning. At present the IPCC TGICA group (Task Group on Data and Scenario Support for Impact and Climate Analysis) provides some guidance on the use of IPCC scenarios. However, there is a need for guidance to be developed more closely with the working groups that develop the scenarios with more focus on the limitation of the scenarios and updating of guidance that is more closely tied to the time-scales of the major assessment reports. This could include improved access to datasets and tools for processing and extracting the relevant regional data. Additionally, there is a need to look to other initiatives, including the global framework on climate services [2] to combine IPCC information with that from other more frequently updated information. Together these can help users to conduct local coastal risks analysis and develop their own CCS.
Conclusions
Over the coming decade, climate services, supporting adaptation to and mitigation of climate change, are expected to become a viable market, driven by near-term user needs, by regulations, and by bi-and multilateral development institutes and financial mechanisms to support adaptation such us those established under the UNFCCC. Coastal zones are hotspots of climate change impacts, so that climate services will be increasingly needed to support adaptation. From this perspective, it seems important to identify how relevant information such as sea level scenarios or projections can be included in CCS. Given this context, this paper has provided preliminary answers to the following three questions:
• What is the current state of the art in the area of coastal climate services using SLR scenarios or projections? Section 2 has shown that there are some examples of early CCS based on SLR scenarios. The demand for these CCS is driven by decision makers interested in investments in coastal risk prevention and adaptation in the near-term future, by regulations and calls for tenders of international organisations addressing longer term issues, and, finally, by the demand of public and private decision makers concerned with critical infrastructure or settlements. However, there is large thematic and geographical diversity in the demanded CCS based on sea level projections. At least in Europe, this diversity explains why the development of coastal climate services is lagging behind those developments in other sectors. Overall, we find that CCS are emerging too slowly to meet the diversity of challenges posed by coastal climate change impacts, but there are already viable business models in place in some countries such as the USA and France.
• What are the current technical barriers to satisfying the demand for coastal climate services based on sea level scenarios or projections? Section 3 has identified two sets of barriers. The first one pertains to topical research needs, in order to increase confidence in coastal impact models and to respond to user's needs for sea level information; the latter includes sea level projections considering near-term (seasonal to decadal) and long term (beyond 2100) timescales, local to regional vertical ground motions, as well as the description (and reduction) of the related uncertainties. The second one pertains to barriers at the interface between sea level and coastal information providers: indeed, there are large gaps between what sea level science is able to provide (probabilistic, regional and time-evolving SLR projections often focusing on the open ocean) and methods of traditional coastal services providers (detailed flood or hydrodynamic modeling, probabilistic sizing of coastal defenses). We suggest that these difficulties prevent the integration of different components of CCS in a way that satisfies end user's needs. Hence, we argue that besides disciplinary research needs, what is lacking today is an accepted common methodology to elaborate CCS for adaptation.
•
What is needed to overcome barriers and to facilitate the use of sea level information in coastal climate services? To overcome barriers identified in Section 3, we recommend defining a global framework for CCS. Section 4 proposes an integrated framework involving all stakeholders concerned with developing CCS. This framework addresses: (1) cross-cutting issues such as user interactions, decision making frameworks, uncertainties and overall architecture of the services to be developed; and (2) topical research on sea level science, coastal hydrodynamics, morphodynamics, biology, demography and economy, to ensure that current coastal modeling tools are able to include sea level rise information adequately. This framework could be useful to establish standards in the area of coastal climate services supporting adaptation to and mitigation of climate change.
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